Cerebral activation in response to sequences of temperature boosts at the hindpaw was observed in functional magnetic resonance imaging (fMRI) experiments in isoflurane anesthetized rats. Cingulate, retrosplenial, sensory-motor and insular cortex, medial and lateral posterior thalamic nuclei, pretectal area, hypothalamus and periaqueductal gray were the most consistently, often bilaterally activated regions. With the same experimental paradigm, activity changes in the brain following subcutaneous zymosan injection into one hindpaw were detected. These changes developed over time (up to 4 h) in parallel with the temporal development of hyperalgesia shown by a modified Hargreaves test, thus reflecting processes of peripheral and central sensitization. When the heat stimuli were applied to the inflamed paw, the hyperalgesia manifested itself as a volume increase of the activated areas and/or an enhanced functional blood oxygenation level dependent (BOLD) signal in all the above-mentioned brain regions. Enhanced BOLD signals were also observed in response to stimulation of the contralateral non-injected paw. They were significant in higher associative regions and more pronounced in output-related than in input-related brain structures. This indicates additional sensitization processes in the brain, which we named cerebral sensitization.
Introduction
The need for novel analgesics remains. Testing them has so far involved behavioural experiments on animals with acute tissue damage, such as the well established formalin, tail-flick or hot plate tests (D'Amour and Smith, 1941; Woolfe and MacDonald, 1944; Dubuisson and Dennis, 1977) . Although useful, they suffer from severe drawbacks: they are subjective, require large numbers of animals and are highly demanding to them.
During the last decade, functional magnetic resonance imaging (fMRI) has proven to be an effective pain research tool in human studies (Davis et al., 1995 (Davis et al., , 1997 (Davis et al., , 1998 Vogt et al., 1996; Binkofski et al., 1998; Jones et al., 1998; Porro et al., 1998; reviews: Hudson, 2000; Peyron et al., 2000) . It is also presently being explored in animals. Rat brain activation has been demonstrated with fMRI after electrical (Hyder et al., 1994; Gyngell Tuor et al., 2000; Chang and Shyu, 2001) and chemical (formalin injection) stimulation of the rat paw (Tuor et al., 2000 (Tuor et al., , 2002 . Responses to capsaicin injections or following mechanical allodynia have also been investigated by fMRI (Malisza and Docherty, 2001; Malisza et al., 2003) . However, the description of activated brain structures remains incomplete due to the size and anatomical peculiarities of rodent brains. Moreover, animals have often been anesthetized using a-chloralose which is known to interfere with nociceptive signalling (Ueki et al., 1988 ) and does not permit repetitive studies.
Nevertheless, rat brain regions activated by nociception generally correspond to those reported for humans in different imaging studies (for reviews see: Treede et al., 1999; Hudson, 2000; Peyron et al., 2000) . The structures most frequently mentioned in human pain studies are: cingulate, somatosensory, insular, parietal and prefrontal cortex, lateral and medial thalamus, hypothalamus, hippocampus, periaqueductal gray. The human PET investigation by Lorenz et al. (2002) is of special importance to this work. The authors described a specific activation of the medial thalamic pathway to the frontal lobe during heat stimulation of capsaicin treated skin indicating a strong emotional-affective component of allodynic pain.
Zymosan is an irritant causing long lasting local inflammation and central sensitization. The hyperalgesia induced gradually develops within hours and lasts for several days (Meller and Gebhart, 1997) . Therefore, it is widely employed in investigations of mechanical and thermal allodynia and hyperalgesia (Sweitzer et al., 1999; Belichard et al., 2000; Gü hring et al., 2000 Gü hring et al., , 2001 Depner et al., 2003; Harvey et al., 2004) .
Here we report for the first time an fMRI investigation of zymosan-induced hyperalgesia and central sensitization developing with time in rats under harmless isoflurane anaesthesia. In order to disentangle contributing processes, we applied a mild noxious heat stimulus to inflamed as well as non-inflamed hindpaws. Modern scan protocols allowed for a more precise identification and quantification of pain relevant structures in the rodent brain (compare Tuor et al., 2002; Malisza and Docherty, 2001) . Additionally, repetitive application of phasic stimuli in our experiments allowed for increased statistical reliability.
Materials and methods
Wistar male rats weighing ca. 350 g were bred at the Institute for Experimental and Clinical Pharmacology and Toxicology. In all experiments, the ethical guidelines for investigation of experimental pain in conscious animals were followed (Zimmermann, 1983) . The experiments were approved by the local ethics committee.
Behavioural experiment
A modified Hargreaves test (Hargreaves et al., 1988) was applied to assess thermal hyperalgesia in the rats. The observation cage with individual 21 · 17 · 14 cm boxes and a metal grid bottom instead of a glass floor was used. Paw withdrawal latencies (PWL) were determined on exposure of the hindpaws to a defined thermal stimulus using a commercially available apparatus (Hargreaves Test UGO BASILE Biological Research Apparatus, Comerio, Italy) .
Rats (n = 4) were placed in the test boxes 2 h prior to the experiment to allow for adaptation. Then the baseline PWLs were measured for the both hindpaws. After that, unilateral hindpaw inflammation was induced by subcutaneous injection of 0.15 mg zymosan A (Sigma, Deisenhofen, Germany) in 50 ll PBS into the right hindpaw. PWLs of the both hindpaws were determined 1, 2, 3, 4 and 5 h after the injection. After the experiment the animals were sacrificed with CO 2 to prevent further pain. Thermal hyperalgesia at every time point was assessed as an averaged percentage difference between the PWSs of the right (injected) and left (non-injected) paws according to the formula ((R · L)/L) · 100%. Corresponding significances of the PWL latency decrease were evaluated by a Student's t-test.
FMRI experiment

Animal preparation
Each animal was initially anesthetized with isoflurane (5%) in medical air (400-450 ml/min) and was placed on a specially designed Plexiglas tray. The animal body temperature was kept constant at 37°C by warm water circulating in the tray. The head of the animal was firmly fixed with a special ''nose-mouth mask'' directly below the surface coil, and isoflurane anaesthesia continued through this mask. The fixation stability was controlled by a rapid MR measurement (see below) thus providing no major motion artefacts during the whole measurements.
The vital functions were monitored during the whole experiment via a breathing sensor fixed under the chest of the rat and by measuring the body temperature. Slight changes of the isoflurane supply (between 1% and 2%) made it possible to keep the respiration rate constant at 60/min in the periods without heat stimulation leading to a constant blood pCO 2 level of (38 mmHg ± 10%, compare Ramos-Cabrer et al., 2005) during the whole experiment. The pCO 2 level was measured transcutaneously by a pediatric blood gas monitor (TCM3, Radiometer Copenhagen).
In the control experiments (n = 4), 50 ll PBS were subcutaneously injected into the right hindpaw immediately before the animal was placed on the tray. In zymosan hyperalgesia experiments (n = 8), the same amount of zymosan A as in the behavioural experiment (0.15 mg in 50 ll PBS) was injected in the same way. The subsequent preparation for the fMRI measurement took 30-40 min, a time in which also a constant pCO 2 level was reached (cf. Ramos-Cabrer et al., 2005) .
After MRI experiments, the animals which had a zymosan injection were sacrificed with an overdosage of isoflurane; those animals which did not receive zymosan were returned to their cages.
Heat stimulation
The contact heat stimulation was performed using the custom made computer controlled Peltier heating and cooling device (MRI-ThS1-2ch). The stimulation system does not introduce any disturbances in the MR scanning and is also not influenced by the gradient pulses. Two Peltier elements with 15 · 15 mm surface were fixed at the both hindpaws. Starting at a baseline of 34°C the stimulation temperature of 46°C was reached after 15 s with 0.8°C/s. The stimulation temperature plateau was held for 5 s. Within the following 15 s the temperature dropped linearly back to the baseline. Stimuli were applied at the left and the right paw in an alternating sequence at intervals of 3 min 25 s. In no case was burning of the paw observed either directly after the experiment or during the next 2 days of observation for the control group.
MR measurements
FMRI experiments were performed on a 4.7 T BRU-KER Biospec scanner with a free bore of 40 cm, equipped with an actively RF-decoupled coil system. A whole-body birdcage resonator enabled homogenous excitation, and a 3 cm surface coil, located directly above the head of the animal to maximize the signalto-noise-ratio, was used as a receiver coil. The scanning procedure started with the acquisition of T2 weighted spin echo horizontal anatomical reference images (slice thickness 1 mm, field of view 35 · 35 mm, matrix 256 · 128, TR = 2800 ms, TEef = 77 ms) using a rapid acquisition relaxation enhanced sequence (RARE, Henning et al., 1986) . Functional images were acquired using Echo Planar Technique (EPI). First, a set of 300 axial single slice scans with a high time resolution (200 ms per scan) was acquired (slice thickness 1 mm, field of view 25 · 25 mm, matrix 64 · 64, TR = 200 ms, TEef = 23.4 ms). The resulting movie (five frames per second) was evaluated visually. In case of visible motion artifacts, the animal was remounted. Afterwards a functional series of 1800 sets of seven axial EPI images (slice thickness 1 mm, field of view 25 · 25 mm, matrix 64 · 64, TR = 2000 ms, TEef = 23.4 ms) was acquired. Slice 2 was positioned at Bregma À4.16 mm according to Paxinos and Watson' rat brain atlas (1998) using as the anterior-posterior reference the smallest distance between the posterior tip of the corpus striatum and the anterior tip of the hippocampus on the horizontal anatomical references images. Altogether the slices covered a central brain area from Bregma 1.20 to À5.20 mm according to Paxinos. The initial 120 scans covered a 4-min period without any stimulation. Then there followed 14 cycles of stimulation alternating between right and left hindpaw. Each cycle consisted of 120 scans (covering 35 s of heating and 3 min 25 s no stimulation). Altogether one such session lasted 1 h. Finally, a set of anatomical scans with a high spatial resolution in the same area as the functional set was acquired with RARE (slice thickness 1 mm, field of view 25 · 25 mm, matrix 256 · 256, TR = 400 ms, TE = 18 ms, NEX = 8).
We performed two imaging sessions on each animal in the control as well as in the zymosan group as follows: the first one starting 30-40 min after the injection, so that these experiments were all finished within 2 h or less (they will be referred to here as control-2h and zymo-2h sessions), and the second one -60 min after the first session -so that these measurements were completed within 4 h after the injection (control-4h and zymo-4h sessions). According to our behavioural findings, the zymosan-induced hyperalgesia was assumed to be fully developed within 4 h (compare Meller and Gebhart, 1997).
Data processing
Functional analysis was performed using BrainVoyager 2000 (V 4.8.5.0). In some cases the motion correction algorithm implemented in BrainVoyager was applied. The motion detected was always clearly below 1 pixel due to the stable fixation of the rat head. The first five data volumes were discarded from further analysis in order to exclude saturation effects.
Cross-correlation analysis of the changing amplitude of the BOLD signal was performed with the stimulation boxcar function (no time-lag), where the first 60 scans (2 min) of each stimulation cycle where taken as stimulation phase -a little longer than the physical stimulation, to cover the whole BOLD response. The resulting r values of the Pearson's correlation coefficients were transformed to t values by Fisher transformation and subsequently subjected to a Student's t-test (Bandettini et al., 1993) with the null hypothesis of no significant correlation with the stimulation paradigm. The threshold for the p-values was chosen to be 60.04 (Hess et al., 2000) . Different groups of activated voxels were labelled as belonging to certain brain structures. Since the slice position of our individual scans were already registered (see MRI measurements) we were able to identify brain structures by overlaying the corresponding images from the Paxinos rat brain atlas (Paxinos and Watson, 1998) . Single subject quantification of these activated voxel groups regarding volume, amplitude (BOLD percentage signal changes) and time profiles of the activated structures was obtained by the custom analysis program MRIan written in IDL. The following pre-processing steps were applied. Firstly, a baseline correction was performed by subtracting the mean of the first 30 acquisitions from all the acquisitions. Secondly, a least-square polynomial (8°) trend line correction was carried out in order to remove low frequency changes over the long recording time of 1 h. Note that no further smoothing in space or time at this stage was applied. The volumes of the activated regions were determined as the number of voxels for each specific label (structure).
In order to be able to follow hyperalgesia in terms of increased BOLD signal amplitudes over time in topographically identical regions, the labels from the datasets of control-4h and zymo-4h were applied to the control2h and zymo-2h datasets, respectively.
Averaged time profiles of the heat stimulus evoked BOLD signals were generated for each structure in each animal for the both sessions, i.e., at 2 and 4 h. The BOLD percentage signal change of the activated voxels of each stimulus presentation was averaged over the time of 10 acquisitions before, 60 during and 10 acquisitions after each stimulation cycle. This was done seperately for the stimulation of the injected and non-injected paw. For better description of the peak the averaged time profiles were smoothed by a central running mean filtering (filter width = 5). Consequently, the amplitude of the percentage BOLD signal change was determined as the peak of the averaged time profile.
The rationale of our statistical testing was the following. First, in order to asses global time-dependent effects on activated volumes and peak signal changes we performed an analysis of variance (ANOVA) with time and region as within-subject factors and treatment (control/zymosan) as between-subject factor. Next, in order to check for significant differences in volume and peak due to the injection per se and/or due to the long experimental time more specifically, we tested control-2h versus control-4h group. To estimate if zymosan induces changes already within 2 h, we tested control-2h versus zymo-2h. To follow further development of zymosaninduced effects we tested zymo-2h versus zymo-4h. These three evaluations were carried out for both activated volume and peak value with a two-tailed Student's t-test: the first and the third one with a paired t-test, the second one with an unpaired t-test.
Results
Behaviour
Administration of zymosan evoked thermal hyperalgesia developing over time. Hyperalgesia was significant 2, 3, 4 and 5 h after the injection. PWL decreases reached its maximum in about 3 h (Fig. 1) .
FMRI
In spite of the well known high individual variation of activated structures, especially in pain fMRI (Hudson, 2000; Peyron et al., 2000) , we found reproducible and quantifiable signals allowing for functional imaging of nociception related brain activation in rats.
Nociception activated brain structures
In control experiments when heat was applied to uninflamed skin we saw a stimulus evoked, often bilateral activation of many cortical and subcortical structures, such as: cingulate, retrosplenial, sensory-motor, insular, piriform, rhinal and parietal association cortices, pretectal area, basal ganglia, hippocampus, septal area, thalamus, hypothalamus, periaqueductal gray. Within the thalamus we found activation in the areas of the following nuclei or nuclear groups: habenular complex, anterior group, the group of nuclei, which functionally belong to the medial system of thalamus (Treede et al., 1999; Hudson, 2000) , ventral posterior lateral nucleus belonging to the lateral system of thalamus, paraventricular nucleus, lateral posterior nucleus, lateral geniculate nucleus. We focused on the areas which were most consistently activated. The majority of them could be defined as right (r) -ipsilateral or left (l) -contralateral to the injection side, some of them, located at the border between two hemispheres, could not. The areas of our interest were: cingulate cortex (C), retrosplenial cortex (RS), primary somatosensory cortex (S1-r, S1-l), secondary somatosensory cortex (S2-r, S2-l), motor cortex (M-r, M-l), insular cortex (I- r, I-l), pretectal area/lateral posterior thalamic nucleus (PTA/LP-r, PTA/LP-l), medial thalamus (MT), hypothalamus (HT-r, HT-l), periaqueductal gray (PAG), as exemplified in Fig. 2 . Areas S2-r, M-l and I-r were later excluded from the statistic evaluation because of their insufficient representation in the control group. Some structures were difficult or impossible to separate due to their close proximity and the limited spatial resolution. For instance, pretectal nuclei could not be distinguished from the neighbouring lateral posterior thalamic nucleus, and the thalamic medial system -from habenular and anterior nuclear groups. So, the term ''MT'' includes not only the medial thalamic system, but also habenular and anterior nuclear groups partly or as a whole.
Changes of the activated volumes
In saline-injected animals, comparison of the volumes, activated by the heat stimulus in control-2h and control-4h groups revealed a trend towards a decrease in many brain areas (Fig. 3) . This decrease was even highly significant in the following areas: MT, S1-r. The ANOVA revealed a global zymosan dependent change in activated volume F(3, 100) = 18.4, p < 0.0001 for time and region · treatment.
The t-tests performed showed, that there were no clear significant differences in activated volumes between the control-2h and the zymo-2h groups indicating that hyperalgesia did not show up in the sizes of the activated volumes within 2 h.
In contrast, there was an increase in the activated volumes in the zymo-4h session, compared to the zymo-2h session, in most of the investigated areas (Fig. 3) . The most dramatic volume increases (2-5 times) were observed in the contralateral cortical structures S1-l, S2-l (cf. Fig. 4) , I-l, in associative areas C, RS and bilaterally in hypothalamus (HT-l and HT-r), most of them significant (cf. Fig. 3 ). In the small input structure PTA/LP-r the volume increase was smaller. MT, PTA/ LP-l and PAG showed an insignificant volume decrease.
Changes of the BOLD signal amplitudes
The time pattern of the BOLD signals from the activated areas correlated well with the stimulation boxcar function. As an example we give the time profile of activation of the cingulate cortex (C) averaged across all the zymo-4h animals (Fig. 5) . One can see an increase in the amplitude even within the zymo-4h session. In both control sessions the amplitudes were generally higher during heating the non-injected compared to the injected paw, although not significantly (Data not shown). On the contrary, in zymosan experiments BOLD signal amplitudes were mostly higher during heating of the injected paw, than of the intact one, as can be seen in Fig. 5 for C in every stimulation cycle.
Again, ANOVA revealed a global zymosan dependent change in the signal amplitude F(3, 100) = 15.6, p < 0.0001 for time and region · treatment. Fig. 4 . Comparison of the areas activated by mild noxious heating of the right (injected) hindpaw in the contralateral somatosensory cortex between control-2h, zymo-2h and zymo-4h sessions, examples. Note the large increased area of the primary (S1-l, dark grey) as well as secondary (S2-l, light grey) somatosensory cortex during developing hyperalgesia. Areas are generated by projections along the anteriorposterior axis through the slices. Increase in activated area of other structures, e.g., C, cannot be seen due to their extension along the anterior-posterior axis, but quantification of their activated volume is given in Fig. 3 . However, in the control experiments there were almost no changes of the BOLD signal amplitudes with time, neither for stimulation of the injected, nor for the non-injected paw as shown by the t-test.
Zymosan initiated major changes of the heat stimulus related activity, developing over time. Heating the injected paw increased the BOLD signal amplitude noticeably in all the brain areas investigated already 2 h after injection (Fig. 6 , comparison between control-2h and zymo-2h). The difference reached the level of significance in PTA/LP-r, S1-l, S1-r, C, RS, M-r, I-l, HT-l, HT-r, PAG.
No consistent trend in the BOLD signal changes was observed in the control-2h versus zymo-2h comparison following heating of the non-injected paw (cf. Fig. 7 ). Significant differences were only in M-r, I-l and PAG.
Zymo-2h/zymo-4h comparison for the stimulation of the injected paw showed a further increase of the BOLD signal amplitude in all the areas (Fig. 6 ), significant in PTA/LP-r, S1-l, S1-r, C, RS, M-r, HT-l and HT-r. Moreover, by stimulation of the non-injected paw an increase of the BOLD signal amplitude from zymo-2h to zymo-4h could also be detected (Fig. 7) . The increase reached significance in higher order brain areas like the S2-l, C, RS and I-l and was also high in HT-l, and HT-r, indicating processes of central sensitization.
Both increases in volume and amplitude coincided in time with the development of zymosan-induced hyperalgesia (own behavioural data, Meller and Gebhart, 1997; Sweitzer et al., 1999; Belichard et al., 2000; Gü hring et al., 2000 Gü hring et al., , 2001 Depner et al., 2003; Harvey et al., 2004) .
Discussion
Zymosan-induced rat paw inflammation is a widely used model of chronic pain and hyperalgesia. It develops within hours and lasts for up to a fortnight. Our behavioural experiment demonstrated, that even a very small dose of zymosan used (0.15 mg; compare: Meller and Gebhart, 1997) evokes thermal hyperalgesia lasting at least 4-5 h. Applying this small dose we were able to detect structure specific brain responses going along with early hyperalgesia by non-invasive imaging (BOLD fMRI). Applying heat stimuli to inflamed but also to non-inflamed paws, we were able to discern different processes of central sensitization. Several aspects of this investigation deserve discussion in detail.
Technical aspects
We report a higher degree of spatial and temporal resolution than in previous rat fMRI studies (e.g., Tuor et al., 2000; Malisza et al., 2003; Chang and Shyu, 2001 ). These studies used slow imaging sequences (RARE, FLASH), limiting the time resolution to minutes. Moreover, only 2-4 slices could be scanned. In human fMRI EPI recording is now standard, providing high spatial and temporal resolution (hundreds of milliseconds). For EPI in animal imaging special requirements have to be met due to higher field strength and smaller sample size. By introducing EPI to animal pain fMRI in this study we reached a higher completeness of identified structures throughout the brain. Dedicated surface coil permitted detection of the BOLD signal not only from cortical areas, like in other rat fMRI studies (Hyder et al., 1994; Gyngell et al., 1996; Scanley et al., 1997; Tuor et al., 2000; Malisza et al., 2003) , but also from deep cerebral structures. Furthermore, the high temporal resolution of EPI enabled us to present short stimuli repetitively thereby increasing statistical power. However, there is still a need for further technical improvement. BOLD fMRI does not reach the precision of autoradiographic mapping methods which are still the gold standard with respect to spatial resolution. On the other hand, the autoradiographic methods used in animal pain studies have time resolutions of 5 min up to 45 min (Mao et al., 1993; Neto et al., 1999; Porro et al., 1999) and do not allow detection of short repetitive stimulus induced responses. Therefore, these studies show long lasting generalized pain responses following only one particular stimulation. Mao et al. (1993) speculate about the bilateral activation being at least partly a result of ongoing normal physiological and regulatory activity found in a unilateral pain model.
Effects of anaesthesia on brain functions are still a critical issue, especially for investigations of supraspinal nociception. Alpha-chloralose, most frequently applied in rat fMRI, overproportionally increases glucose metabolism and local cerebral blood flow in cortical regions following electrical stimulation of somatic sites (Ueki et al., 1988) thus blurring the BOLD signal. It allows only for slow recovery and impairs animal health (pneumonia) prohibiting long term experiments. Isoflurane has been used in several animal fMRI studies (Porszasz et al., 1997; Abo et al., 2004) . It allows for stable anaesthesia, fast recovery without measurable damage and repetitive experiments. It is, however, known to decrease the activity of the human somatosensory cortex (Antognini et al., 1997) . We did detect nociception related activity in somatosensory cortices. We can not exclude that this activity was influenced by isoflurane; still we consider it better suited than a-chloralose for long lasting fMRI. None of our control animals died during the experiments or during following days.
Essential findings
With mild noxious contact heat stimulation and fMRI we detected cerebral activation in anesthetized rats, well correlated to the boxcar stimulation pattern (Fig. 5) . As expected, distribution of the activated areas was generally consistent with those known from different pain studies (review Hudson, 2000) but only partly described in a-chloralose anesthetized rats (Tuor et al., 2000; Chang and Shyu, 2001; Malisza et al., 2003) . Additionally, our paradigm allowed us to discern activation in primary sensory areas from activations in areas known to be involved in secondary sensory as well as cognitive/emotional processing (Hudson, 2000) .
All investigated structures along the pain pathway showed increased activity under zymosan-induced hyperalgesia. An increase of the activated volume or of the BOLD signal amplitude, or both, with time could be observed.
Volume effects
Two hours after zymosan injection hyperalgesia was not noticeable in terms of activated volumes. There were no clear differences between control-2h and zymo-2h.
Unexpectedly, in animals injected with vehicle only, the activated volumes of many structures significantly decreased from control-2h to control-4h (Fig. 3) . This could be an effect of anaesthesia, but also peripheral and/or central adaptation. Against this background the increase of activated volumes in many structures in the zymo-4h group is even more impressive (Fig. 3) . The somatosensory cortex showed an expanded activation, especially on the contralateral side (Figs. 3 and  4) . This could be ascribed to the sensory-discriminative component of pain perception (Treede et al., 1999; Bushnell et al., 1999) . Activation of lateral thalamic nuclei (VP), directly projecting to S1 and S2, could not be seen reliably. A possible reason for this might be the complex topography of the somatosensory thalamus and the small number of excited neurons (cf. Casey, 1999) . Also the well-known partial volume effect may explain lack of detectable volume increases in small structures in general (e.g., PAG).
Amplitude effects
BOLD signal amplitudes showed a considerable increase following heating of the injected paw already 2 h after zymosan injection. At 4 h the increase was even larger (Fig. 6 ) reflecting the development of zymosaninduced hyperalgesia and central sensitization. This parallelism to physiologic description suggests that our fMRI approach is capable of visualizing hyperalgesia and its development in anesthetized animals.
In agreement with Chang and Shyu (2001) , we could show reliably enhanced activation in MT and C both belonging to the medial pain processing system (Treede et al., 1999) , related to the affective-motivational component of pain. Medial thalamic nuclei have direct projections to anterior cingulate cortex (AC) . Recently this has been demonstrated also with fMRI as an increased BOLD signal in AC after electrical stimulation of the ipsilateral MT (Shyu et al., 2004) . AC is involved in the integration of affect, cognition and response selection (review: Devinsky et al., 1995) as well as modulatory control of pain perception (Petrovic and Ingvar, 2002) . Activation of structures in pain experiments may reflect nociception, antinociception or both. This refers to the activation we detected in C, PAG and habenular complex (Cohen and Melzack, 1986) .
Affective-motivational and sensory-discriminative implications
Recent PET human study of Lorenz et al. (2002) demonstrated a specific activation of the medial thalamic-cingular-frontal lobe pathway during capsaicininduced thermal allodynia. Despite major differences in our experimental paradigms and objects -conscious humans/allodynia and anaesthetized rats/hyperalgesia, -our results are quite in line with those of Lorenz and colleagues. This may indicate common peripheral/central mechanisms, mediating responses to traumatic pain, including stronger emotional-affective components (unpleasantness). Additionally, as distinct from Lorenz and co-authors, but in agreement with human fMRI allodynia study by Maihö fner et al. (2004), we found increased activation in the sensory-discriminative system (S1). This can be due to differences between fMRI and PET (cf. Casey, 1999) , or, more likely, to the fact that Lorenz and colleagues compared normal vs equally intense allodynic pain: stimulation temperature in allodynia experiments was appropriately reduced, whereas we (also Maihö fner and co-authors) compared normal vs hyperalgesic (allodynic) pain at the same stimulus intensity, consequently leading to a stronger sensory-discriminative response in our hyperalgesia (allodynia) paradigms.
Another structure showing remarkable activity increase in our experiments was the insula. Insula, mediating between the two systems, is reliably activated in human pain imaging (Treede et al., 1999; Maihö fner et al., 2004 ), but was not described yet in rat fMRI studies.
A damaging stimulus often triggers autonomic and neuroendocrine responses. HT, PAG and amygdala constitute the main neural substrates for integrating aversive states and mediating these reactions (Tomaz and Graeff, 1993) . In the PET study by Hsieh et al. (1995) traumatic pain compared to non-traumatic, prominently activated HT and PAG. Accordingly, we detected marked activity increases in these structures during hyperalgesia development, but not in controls (HT: activated volume: Fig. 3 ; HT, PAG: BOLD signal amplitude: Fig. 6 ).
Cerebral sensitisation
Stimulation of the non-injected paw resulted in activity increases in some pain-related structures 2-4 h after zymosan injection (Fig. 7) . Interestingly, there were no significant changes in the brain regions involved in direct processing of nociceptive inputs (MT, S1). Brain areas, however, involved in higher order or cognitive-associative pain processing (S2, C, RS and I, cf. Hudson, 2000) as well as output-related structures (HT-l, HT-r) showed clear activity increases.
It is well known that unilateral disorders can produce bilateral effects, smaller on the contralateral side, for instance mirror pain (Melzack, 1990) . Koltzenburg et al. (1999) in their review concluded that they are most likely mediated by spinal or brainstem commisural interneurons. Mirror hyperalgesia and allodynia have been reported in cases of unilateral inflammation (Spataro et al., 2004; Twining et al., 2004) . We can not exclude that hyperalgesia in our experiments ''irradiated'' to the contralateral side across the spinal-cord/brainstem. However, the fact that the elevation of activity by stimulation of the intact paw was significant only in associative and considerable in output-, but not in input-related cerebral brain structures, argues against this assumption. Therefore, this response increase in associative cortical and consequently in output-related structures must have been generated in the brain, i.e., reflects cerebral sensitization.
In summary, we demonstrated for the first time, that fMRI is capable of visualizing zymosan-induced hyperalgesia at different stages of inflammation. We propose to use this model for further long lasting fMRI investigations of CNS plasticity and testing of new analgesics. Isoflurane anaesthesia appears advantageous because it allows for repetitive testing. Introducing EPI to animal pain fMRI enabled us to reach a higher completeness of identified structures of the rat nociceptive pathway and to describe an additional type of central sensitisation -cerebral sensitisation.
